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ABSTRACT 
Application of the intermediate stage tetrakaidecahedron grain 
shape model to data for the sintering in ~ir of ·the.high-reactivity 
commercial alumina powder, Alcoa XA-16, gives calculated diffusion 
coefficients of the form: 
f-119, 000 ±.RT.16, 000 ] D - 97 exp L 
Th·e experimental grain size data exhibit the t 113 time de,pendence 
associated with the bulk diffusion sinter.ing mo.del-. The calcula·ted 
activation energy for grain growth, 
.1H = 105,000 + 9,.0:0.0.· ,cal~-, 
-· 
i.s. 'i.n t,he. ::r~:p.ge of that determined ·:f·or ,dfff.usion· from the bulk dif-
f:u:s-!on s:'i,nt'ering_ model. It is aS·S\)Jne(:l._ :tfllat. oxygen :diff,U'S ion is 
e·.:rihELnc·ed :at g:rain boundaries havi1;1g -~- :c-apacity for exchange wi.th. th-e 
.. 
:ma-te.ri:al bulk and that rate' control is t:b~n: established by the bulk 
_dif·fusion of aluminum ions. The- effect-s. on sintering kinetics of . 
ce·rtain chemical and physical pro_pe.rt-ies of ·t.he. _powder are postulated-• 
.... 
I, 
,, 
! 
. ·· .. 
• 
.. 
~-
,· 
2 
.. 
'I- .- . 
. _. I INTRODUCTION --- -- . ·- .·· .... _.;;.,.. _____ . ---=---
Quantitative investigations of the sintering process indicate 
I ' 
. .. 
diffusional atom transport mechanisms f.or a number of metallic and. 
ceramic ·materials. 1 2 Evidence exists -for both grain boundary ' and· 
b lk d "ff · 3 - 5 h · d 1· th . ·t· 1 t f . t'. -~ u 1 usion · mec anisms ur )lg • -- e 1n1 1a s age o sin er;i g:·.-
The few quanti:t~tive -studie·s ··of intermediate stage sinte·:ri:p,:g· f av.Qt ::~: 
bul_-k ;c;ilf.f.us·.ion :mechan:i·~m ::g\fring= l~is stage. G-B 
. . 7 9 f . 't' The recent de;rivation by- Cobl¢· and Coble and Gupta o: in er-
m·ed.-ia.t~ st-age grain boundary and lat-tice {ti_f:fµs_:.ion models enables one 
·t.o . .-e._v:alua-te the sintering kinetics of this s:tage f-:rom. d_~11si ty and 
_grain g·rowth data. Divergence from the ideali.ty· assumed in formula-
ting such sinter.ing· models is greater for ~Ii: as·-r..e-c·eived commercial 
. . 
ceramic powder, Aow~ver, than for the materi-.als:: normally used th·· .,, 
sintering studle-~ 
T_hus, the ob:je·ct,.i-v·E:, (>f t:~~- :Pr~E:tent· -wor:k. is- to experimentaily, tn--
vestigate the intermediate stage -~_inte:r'~ng Jt-i~¢t:j.cs of a non~ideal 
ceramic material using the sinter:ll\g: mod·el·s ,of Coble and Gupta, and·.-
to evaluate the re$u1ts on the :basis· of ·the physical and chemic.al \. 
characteristics of the powd_er·._ 
.. 
'• 
-
· The material ch:o'sen for study~-was the alpha alumi-num oxide powde·r.,. 
XA-16-, recently introduced by the Aluminum Co. --or Amertca. The prop~ 
erties of thi_s powder--high thermal reactivity, low soda content, and 
high base purity--make it an excellent material for appli.cation in the 
electronics industry. 
,· 
{.J• .. , 
;, \-' 
.: ......:. 
·. 
. 2 
Reusser utilized XA-16 in his study of the initial ·stage of 
sintering and concluded that grain boundary diffusion was the rate 
controlling mechanism. He also inferred that bulk diffusion may have 
be·en predominant during the intermediate stage, although insufficient 
data prevented a conclu·stve: ~nalysis. The present work, then, is a 
~-
continuation of this initial effort to_wa::I';ds obtaining an over-all 
un.derstanding of the. sintering kinetic:s of XA-16 aluminum oxide pow-
·der. 
, 
-I 
. .., 
.. ,-1' 
\ 
-· . ' ... ·~ -.;~ -, -.,.- -··,;· ; 
.. 
'"'· 
,' 
.· 
" '. 
,. t .... 
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I I LITERATURE REVIEW 
A. Delineation of the Sintering Process 
1. The Motivation for Sintering 
Many crystalline powders, when heated to elevated yet sub-melting 
. . 
temperatures, undergo a phenomenon generically tanned sintering. In 
• 
the present work, sintering is considered to be the pore size and 
shape changes, strengthening, and the usual densification, and con-
.. current grain growth of a single phase polycrystalline compact re-
" 
sulting from surface-tension-induced mass transport mechanisms. 
In their extensive review of sintering theory, Coble and Burke10 
indicated that surface tension was first associated with sintering by 
Kepler in 1905. Kepler's proposal, however, concerned on~y sintering 
in which a liquid phase was present. Almost twenty years later, 
R. C. Smith determined that crystalline materials may also undergo 
stntering. In 1922, Hedvall att:ributed the spheroidization of hematite 
lamellae to surface tension·.. .These efforts and the subsequent work 
they fostered brought about acceptance of the concept of surface ten-
sion providing the driving force for sintering. 
Herring11 phenomenologically considered the lowering of surf~e 
., 
·free energy resulti'ng from the coalescence of particles and the· de-
crease in porosity in polycrystalline compacts. He assumed that 
.. 
pressure may be the driving force during hot pressing or during the 
·1nitial sintering of pressed compacts. Otherwise, surface tension was 
considered dominant. 
,. 
. . .,. ._:·,.,,._[, 1-,. I 
I' 
. ., . ~ 
r• 
. .:.:.,.:.. j( _ _.;, 
.. 
' :5. 
2. Rate Determining Variables ... 
A number of variables affect the rate of the sintering process. 
The following brief summary treats specifically the effects of varia-
bles on alumina systems. 
., ... , 
(a) 'l"empera ture 
Changing the sintering temperature modifies the :rates of 
the different processes which comprise· sintering. These rates 
are expressed by Arrhenius-type relationships,.· i.e .. , by expo-
nential functions ~of temperature. As c:oble and Burke µo,ted, 
preqiction of t_he .e:rfect of varying the temperature on the·· 
over-all rate is difficult without a knowledge of the· kinet::i·c:s, 
. . 
-.of the various independent, yet interrelated proc·esses. This 
.problem is at least partially circumvented by the formulation 
. of sintering models which are based on idealized crystalline 
. 
compacts. Sintering rate eq.uations are then written in terms 
of parameters which may individually reftect the effects of 
several interacting variables. 
(b) Particle Size 
Real powders ofte]) _dEfv·ifa.te. :cqtrs-lclerably from the spheric~!. 
shapes and narrow ·size· .-distributions assumed in deriving sin-
tering equations. The distances atoms·must migrate and there-
fore the time required for shrinkage is inversely related to 
particle size. 12 When a distribution of sizes is present, 
smaller particles tend to be rate· controlling initially; at 
longer times, larger. particles predominate. The result is· .an 
,t 
/' 
' 
.. 
. . 
6 
. -13 1 increase in effective particle size. Johnson demonstrated 
that partiaily sintered alumina compacts may in fact apprb~i-
mate ideal assemblag~s in the uniformity and distribution of 
particle sizes. 
.. 
· (c) Impurities 
14 Smothers and Reynolds investigated densification and 
,gratn growth in alumina as functions of single, oxide additives. 
Several additives, e.g., silica, magnesia, and sodium chloride 
retarded grain· ~rowth and/or densific·ation. A number of other 
additives, notably copper oxide, manganese oxide, and oxides 
of titanium, apparently aided these two processes. The en-• 
hancement of the sintering rate was considered to be a resµlt 
of- the impurities (1) entering into solid solution in t·he 
·' 
alumina, creating lattice strain and promoting materia1 trans-
port or (2) fostering a liquid phase which increased surface 
diffusion. Retardation effects were attributed to the forma-
tion of a v~por phase or the occupancy of vacancies by impurity 
ions. The work of Cahoon and Christensen15 extended and con-
finned most of the findings o.f Smothers and Reynolds. However, 
• 
' the initial experiments had indicated only a slight increase 
in the sintering rate for small additions of hematite, while 
• 
Cahoon and Christensen's results indicated a considerable in-
I crease. Among the additional descriptions of impurity effects 
.are those by Bagley16 (titania additives: increased sintering 
' 
rate in alumina) 7 Coble (magnesia additive: attainment of 
,. -· -···- -.,. -_ ... '.'"~<,l __ . ,·.,,, .' '·------~.:.·_ 
,, 
, .. 
·,,· •,. 
r . 
· .. : 
...;· : ~ . 
1 
I• 
.r 
. · 17-maximum density in: Linde A alumina), and Mistler (inheren·t 
Linde A impurities: exaggerated grain growth at elevated 
temperatures). 
(d) Atmosphere 
1s·. 19 Both densification rate and limiting density may 
be affected by the .sintering atmosphere. The cause may :be 
chemical, e .. g. , a change in the stoch-iometry of ·tp~ ~atEfri.~ . .l f 
or mech~ica1, i.e. , the ent·rapment_ of gas in t:he po·re 
.·. fl 
h. _. 12,20. :P ase .. In the latte·r case, t::he effect qil ·pore shrinkage 
and densification depends upon the pres·sure .<:>f the trapped 
gas· relative .to the stress of stirf.ac:e tension·. 
, ~ 
21 Shaler 
theorized tAat: the magnitude of --t~i~. :intei,ta.I :pre§sure was 
relat·ed to the extent to which the gas reacted with, dissolve.d-·'· 
in .. , or diffused through .the ·matrix material. 
C bl 20 d .· ... d. h ff f ,· ··• o e etermi-Iie. t 1 e e ects ~ .· :-v~:rfo(r~ atmospheres 
·Qn: .the sintering of. magnesia-doped alqmina. HY·Qrogen and 
o~ygen had virtually no effect on either the s·iJ1tEfrJ.ng :r:a.t:e 
of the attainment of theoretical density. Argo11, he·11um, or 
~ nitrogen (air) atmospheres rnec.hani:ca-lly prevented alumina from 
reaching maximum density. 
3. Stages of Sintering 
.. ... 
The definit_ion. of stages has evolved from the early considerations 
of mechanical and electrical prop~rti~s10 to the present concepts ~f 
geometry. R:t:iines22 has defined sintering to be thr densiflcation, the 
rounding of internal.surfaces, and the spheroidization and segregation 
;_ 
!' 
I 
f 
! 
I 
r 
i 
·,.. 
'· 
'l 
·,•: 
,"! 
8 
of" the pore phase that occur in a single geometric process. Clark 
and White13 treated sintering as basically a two-stage process: an 
initial continuous, open-pore stage and -a later stage of closed, 
isolated pores. Shuttleworth and Mackenzie23 investigated the later 
stages using a sintering model based upon a compacted mass of material 
. 
containing discrete, spherical pores of equal size. 
7 Coble treated sintering as a three stage proce·ss. A stage was 
classified as (1) an interval of geometric change in which pore shape 
( 
change is completely specified or (2) an inte.rval of time during which 
, 
pore sh$pe is constant but pore volume decreases. The initial stage 
begins with the onset of lens formation at int~r-particle point con-
.. 
tacts. The contact area increases from zero to approximately 0.2 of 
the cross-sectional area cif the constituent particles during this 
stage. The beginning of grain growth marks the end of the initial 
• 
-stage and the onset of the intermediate stage. The intermediate stage_ 
~ 
grain shape model was considered to be Kelvin's idealized space filling 
body, the tetrakaidechabedron or truncated octahedron (Fig. 1). During 
the intermediate stage, the pore phase consists of continuous cylin-
drical channels occupying all edges of the tetrakaidecahedron. Transi-
tion from intermediate to final stage occurs wben the channel porosity 
has shrunk to the point where spherical isolated pores are located at 
corners of the tetrakadecahedron. Representative relative density 
changes are from 50 to 60% and from 60 to 90-95% for the initial_--and 
intermediate stages, respectively. 
4. Mass Transport Mecbanisms 
. '. 
·, 
.o·· 
~ 
7fl 
lii 
~'f;i v.~! 
ritr:t 
?~! !t,J.1 h•::'!':.r 
'-.I':.:·, 
r(; 
.~\j( 
,,:_·.' . .'.:, 
'.' ~ ,; 
~<? 
~ • ! ., ; 
'~ I ~ 
. 
• 
: I 
• • 
(a) Initial Stage; 
Point Contact 
' • 
• • 
• 
• 
•• • 
• 
• 
I -
(c) Intermediate Stage; 
Channel Porosity 
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(b) Initial Stage; 
Terminus 
(d) Final State; 
Segregated Pores 
Figure 1. Representation of Sintering Stages 
(After Coble7) ' 
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Although surface tension is considered the driving force for 
sintering, differences in sintering behavior in various systems must 
be accounted for by different mass transport mechanisms. 24 The pos-
sible mechanisms are: 
(1) evaporation-condensation 
(2) surface diffusion 
(3) grain boundary or lattJ.ce diffusion 
( 4) macroscopic f:lo:w. 
-
E t . . .. d . t'' -~ ... 3, 5, 25 d. . f d. ff . . . '5 ·, 26, 27 vapora 1on~con ensa ion an sur ace 1. usion are_ 
generally considered to c·ause changes in pore shape .wi1;_lj.out shrinkage, 
although surface diffusion· may be _an important m~cfba.ni-sm in the initial 
-28 
. 
. 8 stage. Since only one mechanism .te.n·ds ~o be predom:inant (during a 
particular stag_~)., intermediate. sta:ge sintering wo.u1d best be consider-., ... 
. ed on ·t·he basis <;>i macroscopic flow and grain boundary and lattice 
·4_i:f·fusion- models • 
.. a·.. Shrinkage - Derived Sintering Models 
1. Macroscopic Flow Models 
Clark and Wh-ite13 derived analytic:al expressions for o.pert pore 
_st_:~e: volume shrinkage. Their mode-l. :consisted of unifor:rn spherical 
p.art.feles in which c·a;p··illary fo:rces in·d~-~-e.cl· lens fprmations at particl·~ 
contact points. 
~···- ... 
Application of their moclels and analytical expressions: to··~·-·experi-
mental shrinkage data indicated a Newtonian (viscous) flow mechanism 
was operative during the sintering of glass. For the crystalline 
material,~ a-A12o3 ,. -Y-A12o3 , and MgO, shrinkage behavior was attributed 
1 rrz.·:u,a· -----=---------
• . • 
- I 
' . -- .•• ·-1.. ...• ,,. ,_~- -·· . '...,-,;._._:,...,.,._._ 
,·;· 
-' . 
.. \ 
·1:1 
-_. -----·---o---to ~a flow process in which the yield point was temperature dependent, 
i.e., a Bingham type-· flow. 
./ 
. ._ - _... -. 
. ......... 
One of the.earliest attempts to. delineate the later stages of 
- .... 1-~·1· I 
sintering was the work of Shuttleworthrand Mackenzie. 23 -They assumed 
· the, action of surface tension in closing spherical pores was equivalent 
...) 
<> 
to the application o_f an. external surface pressure. On this basis, 
. •· 
rate equations were_derived for relative density as a function of 
time for both Newtonian and Bingham flow. 
Clark, Cannon, and Whi te29 -,~pplied both the Mackenzie-Shuttleworth 
and Clark-White plastic flow equations to experimental sintering data 
for pressed MgO, Caco3, Fe2o3, doloµiite, and copper compacts; agree-
. ) 
ment between experimental and theoretical shrinkage curves was excel-
lent. Allison and Murray30 applied the same flow equation~ to the 
• 
sintering of glass spheres and pressed fluoride (CaF2 and NaF) compacts. 
Experimental data for the glass and fluorides were best described by 
Newtonian and Bingham flow equations, respectively. In fact, dilato-
metric shrinkage data for the fluorides obeyed extrapolated Bingham 
flow equations well beyond the porosity limits inferred from theory. 
At the .same time, Allison and Murray attempted determination of 
~ 31 the sintering mechanism using Herring's scaling law: 
·--~·:. ,, 
r 
: ,.,;~;. ~· :-"'· 
. ,. 
where 
. " 
at2 = the time required to produce a given shape change in 
particles having ~inear dimensions~ times those of 
particles requiring~time 6t 1 for an equivalent change. 
n = 1 for plastic flow 
2 for ~v~poration~condensation 
·3. for volume diffusion 
4. ·fo.r surface dif fiisfon .. 
indicated a plastic flow mechanism, i.e. , n -....;. ·1 .- . . . 
Despite such experimental evidence, the relev-a:n.c¢·: :,of ·'flow mechan-
:l:sms to the sintering of oxides has been ·guestione·d. Neither model 
completely expl~ined t.he effects of part.·1.-c+e .:size distribution and 
-compacting pressure. Real ionic: compacts exhlbit ·definite effects 
from varying siz·e distributions and c(::>"mP~Gtin_g: pressure. Also t·he· ' ... · .... ,• 
shrinkage of i,ores: in oxides is enhanced: by the proximity .o.! pore·s- to:· 
bo d · 32 'JJ. M. · f 1·· .. - d 1 d t rd t· 1· . . . . t un aries. · -__ ac~oscop1c .. ow mo es o no-, a .. equae.y ~c.coun,_. I 
for this grain boundar:y ·e.f.-fect·. .Nor do flow mo.de ls explain, the eff·ects 
<ff impurities on s_::tnte·ri·ng .. 
2. Diffusion Models 
Coble7 fonnulated intermediate and fina.1 stag.e bulk and grain 
boundary diffusion models based on the tetrakaid.ecahedron grain shape . 
For the case of intermediate stage bulk diffu$ion, Coble assumed radial 
. diffusion from a cyl~ndrical vacancy sour.c~e with .a corresponding re-
verse flux o.f atoms, and a diffusion flux field equal in length to 
pore diameter.,, An expression of the following fonn was obtained: 
;.· ... ~ 
.. 
I' 
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Bulk Diffusion 
·.~ 
, ' 
P - volume. -f.racti9n porosity (cylindrical) 
·- ; -:,;., -: . ,~-...-
' °t> - bulk diffusion .coefr:ictent 
:y = surface fre:~ ene:rgy· 
3 
·a. - vacancy vol.Q:nle 0 
k Boltzmann's constant 
1 z tetrakaidecahedron edge length. 
.~ "(: 
i .. _, .•..•.. ~ .., ' 
(2) 
During grain boundary diffusion, the width of the: .d:.t::f:f.usfon f'ie·i4 :t:s 
• determined by the ·grain boundary dimen·s.ion. .For this .. c.~s.~:l:;. the 
porosity· equattqn w~s:: 
QraJn. 8Ql.llldary· .Dif·fµ$:ion 
• 
·d.P -2 DW-Ya 3 g . 0 
·~ 
-~- ·-·· ----.£--
.dt 14k·T 
Dg - graln bounda:-ry· diffusion coefficient: 
W - grain boundary Width. 
,1 \ 
The grain size tenn, ln, may be expressed as 
ln ::: Gn 
-
Gn 
= 1\it 
0 
·whe,-r·~ G 
--· 
:gra·in ·size at time t 
~ - constant 
'' 
n - 3 for bulk diffusion 
-4 .for grain boundary diffusion .• 
(3) 
-
-
- ---··· ---··- - -·. '..------ -; .... 
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Equations (2) and (3) 
-re .. spect i-ve ly . -
··,· 
14. 
then become 
dP 
-
dt 
·dP 
dt-
3 
_10 Db 'Y a0 --
A3tkT 
3 
J _ 2 Dg W '"Y a0 
-
-
A4tkT 
. ··:· 
(5) 
, (6) 
,. 
These equations apply from the onset of grain. g:fQwt·h until (1) 
pore radius shrinks to zero, or (2) pore phase .-becomes discontinuous, 
or ~3) dis~ontinuous grain growth occurs. 
9 Coble and Gupta have sine~· presented modified diffusion equa-
t.ions. For an assumed grain siz:e .time dependence of 1/3 during bulk 
diffusio~,-they obtained: 
3/2 [ p 1 + 8 :v?p -3/2 ] 2 ln( ) 3 'JI" - - .. , ~(7) 
1 
.. , 
·The corresponding expression· ~o,.r· g·r:ain boundary diffusion and 1/4 
time dependence is: 
2 
p3/2 J 
1 
= __ 1_29_o __ n_g_w_'Y_a_0 _
3 t] 2 
G4kT 
1 
(8) 
. :The relationships between volume fraction porosity, P, ~d. the F(P) 
terms in equations (7) and (8) are shown in Figure 2 . 
.. 
As noted previously, there exists considerable evidence for 
grain boundary and lattice diffusion me¢hanisnis. Of the few quanti-
tative investigations of later stage sintering reported in the 
' '··.~ 
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Figure 2. F(Porosity) vs.% Porosity, from the 
Tetrakaidecahedron Sintering Model 
(After Coble and Gupta9) . · 
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16 
lit~rature, those of· Clare6 (beryllia), Coble7 (alumina), and Gupta8 
(zinc oxide) indicate that a bulk diffusion mechanism i$ predominant 
during the intenned.iate stage. However, the scarcity of .inte:qnediate · 
· 1 2 stage data and the experimental evidence for both grain boundary ' · 
and lattice3 - 5 diffusion predominance during the initial stage neces-
sitate the consideration of both mechanisms in the current study. 
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III EXPERIMENTAL METHOD 
., 
' 
. "" 
____ ...,.. -·-·-~·c•-, 
' -----
,, . A. Aluminum Oxide 
.. 
' 
1.· Characteristics 
(a) Specific Surface Area 
Specific surface area obt.a{ned using the B.E.T. adsorp-
:tion techniqu~. ( adsorption of :g.aseous nitrogen· to alumina at · 
0 
. ·2 . * 
-196 C) has :been listed as 11."4 .m /gm • 
(b) Chemical Analysis . 
indicated the following· c:once~~r~-t:fop.s· of elements: 
:_(c) 
Element 
Ca 
Mg 
Na 
Si 
Fe 
Ga 
Mn 
Ti 
Cr 
Cu 
Be 
Surf ace Chemis'i:fy 
C.oncentra.tion (ppm) 
500 
500 
250-SOO 
250-500 
25-50 
-1:0-25 
10-~2-5 
-10. 
.1 
1 
:1 
Inf rared· and therntogra.'V.imetr.t:c· analyse~: indicated the· 
-..: -
. . . . . . .·· 0 
. 
. 
surf ace loss of :adsorbed H2o to at-· leas·.t 360 C and decomposi-
tion J. dissociation of surf ace -OH, possibly accompanied by 
H2?.- evaporation., ~bove 36o0 c. 
-*Analyses of surf ace area, bulk chemistry, surf ace chemistry, and· equivalent particle size were performed by R. ~. Reusser. 2 
.. 
:·"': . 
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(d)· Equivalent Particle Size 
I , 
The equivalent spherical particle size calculated from·· 
the B~E.T. specific surface area was 0.132 micron. 
(e)· Particle Size Distribution 
An estimate of the actual. particl~ size distri-l;)ti.tion-. was 
obtained using· the MSA Whitby method. 34 This tech-niqµ_~: 
utilizes gravity and centrifugal sedimeµta·tion: to give dis~· 
tributions for the range 0.05 to 100:.miq_ron. The feeding 
liquid was 30 volume; percent ace·to)je :in d·eionized w.ater· 
wlth 0.1 weight. pe.rce.nt calgon as a: w~tt:ing ELg~nt·. Tl');~. 
~-eQimentat_ion l_i.qu;id · was de ionized' water with O. 1 weigl\t 
:pe:rce:nt: cal·gon. Dispersion of the -XA-16 powder in the fe-
e,ciing· liquid was aided by agitation in a Waring blender . 
.. A, quantity of this solution wa$: :immediately transferred to .a 
.capillary tube c9µt:aini-ng: :a ·m_e·as·u.red height of sedimentation· 
.liquid-.· The hei_ght of ·settled :powder was measured after 
·gravity and centrifuge ruJis for times calculated from possible '· 
values of partic.le:: dlamet·e:r. , Th·e rat-io of height (time)/f inal 
height then gavE3.: tbe, w~i-ight_ p¢rcent of- particles greater tha.n· 
the assumed value. The resulting cumulative size distr~~utio11 
. t 2 and the· ,distribution obtained by Reusser ~sing microscopy 
tec;tiniques are shown in F ~g\lre 3. 
·' (f) Strµcture 
Lattice- :co;nstants and density were calculated from x-ray 
"· 
----
radiation, General Electric XRD-5 · 
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diffraction unit).. The diffraction ·pattern in Figure 4 was 
obtained using the Deby~-Scherrer powder camera; indexing 
g.ave c/a_ = 2. 74. X-ray diffraction patterns obtained ·with 
I 
the_ --~iff_ractometer unit indicated the powder was single phase, 
_i.e., alpha alumina, ~ithin the limits of-detection. This is 
in agreement with Reusser' s differential - thermal analy,sis: 
2 
results. 
2. Sample ·Preparation 
The as-received XA-16 powder wa~J-Wt3t milled for .f-o'Q°r hours fn a· 
high-purity alumin~ ball mill. Toluene :was used as the grinding med-
ium and menhaden 9i)L as -the def ;i_q·ccµ·lEtn.t.: :.Aft.et m-_illing, the slip .;, 
was deaerated and c,ast tn:to- orte_-qu-af::t:.e_r·· :i:nch :diamet:¢.r cylinders. The 
:.s~ples ·were then -c_ut. t,o· approximately one-h_alf i·nch lengths and the 
end_~ .. polished flat ·on a 15 micron diamond su·rf°ace- _g_r-ind.ing wheel. 
In order to st.and~rdize initial densit·ies, th_e- samples were 
)1eated f o·r various.- tt.me~ .at 400°c ~n a vented furnace. Thi_s tempera-
t\lre ·was suffici~_ilt· ·f.or -evapp:r·ation of the solv.ent and d.et-Jo_cculan·-t, 
:yet was well .below· that ,necessary for sintering_. $.~mples. who~:e· re-1-~-
tive densities were within the· range 59 + 1% :after the' pre·limi~~ry 
heat treatment were used for ~:fn.t~J·ln::g. 
- • ~·-= - -:-'.-;· ".· .. •. . 
B. Heat Treatment 
. ... _. 
The use of equations (7) and (8) to determ:iri'3- i·ntermediate stage 
.,! 
• 
sintering ~ehavior requires that density and· grain growth data be 
obtained simultaneously. This condition is· satisfied by obtaining both 
. C 
density and grain growth me·Els\l:reinents -f-rom individual samples which 
) ·-
.. 
., 
' } 
-~ --··:--· -- --·- -
.. . ,;. . 
FigurE; 4. X-Ray Diffraction Pattern for XA-16 Alumi.na . .. 
'-~. 
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-.22 ·- __,. 
, have been sintered for different times. Di'latometric mea~urement, 
howev~r, provides a continuous prof.ile.of density changes using a 
single sample. Because of the relative convenience of dilatometer 
.... .. ---~··. 
meas.urement ,. it was decided to use this method to dete.rmine the time 
(at each temperature) for whic:b inte·rmediate stage sintering was· 
' initiated and on· this basis sinter the required groups of sample·s. 
:To: -.enhance reproducibility, the dilatometer system was utiliz~d to ,./-
:91:>t:~·in. both coritinuous·:·and discrete data. 
~ 
The procedures are descr'ibed: 
'in. s~.ctions (3) and (4) below •.. 
1. Apparatus 
A Brinlonann-Netzsch TD ... 111 dilatometer system·;,., ftgJ;:._ 5. and :s., 
·was used for all sintering _studie~. This apparatus per~it.te.d autt>~ 
ntatically progJ·anuned or manually controlled heating cycles over :the. 
range 25 - 1550°c. Furnace and·measuring systems were mounted on a 
,. 
masoni te baseplate. Furnace powe:r. ~µp_ply, ·re.corcl:~r, 'and control 
systems were contained in a :sep.ar·at_e. c·a.hiil~'t.-
.(a)· Furnace Unit 
·;;,: 
The furnace un.i t was essentiall:y ·a ttfb,.µj-ar:· ··silicop; ca.r-
. 
. . 0 
. 
. bide heating element (rated at 1550-· C) pos·-itioned 'in an fn-· 
sulated carriage. . e . The _carrtage was mounted on tracks for 
accura~e pos~tionii:ig relative to the measuring system ... 
' ) ' . (b) Measuring System 
The measuring system cc,,~:-~:i.-~t.ed of sample holding t'q..be, 
·transmission rod, transducer, and protection tube. TAe-
.boldi.~g tube was made of high· dens'ity AP35 alumina_; one end 
. ,i. ,, 
l 
,-. : . 
"-
) 
' . 
.. ' 
\ "'. 
.,, .. ~· 
.,~,:... 
. ··, 
.... 
r .. 
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23 ·1. 
was an open trough for sample placement; the other wa·s joined 
. ' toa sta'inless steel sleeve. Changes in sample length were 
transmitted by the bearing-supported transmission rod (also 
AP35 .. a1·~ina) to the transducer. The transducer was a 
Da.ytronics Model D5100 linear variable.differential transfor-
mer having the range+ 0.05 inch. A mullite piotection tube 
-
enclosed the holding system, permitting atmospl!,ere control. 
"· 
The entire system was.mounted on a water-cooled cast iron base. 
(c) Transducer Amplifier-Demodulator: Daytronics Model CBXBI 
The transducer-amplifier-demodulator supplie~ power for 
th·~ transducer and also amplified the transducer output. 
Amplifications of .50, 200, 500, 2.0.00., and 5000X gave full 
scale recorder deflections corres-pond'ing. to sample lengt=h· 
changes of 9. 00.2 ,- o .. 005, 0. 020, 0. os·o.,. and o .• 200 . .in~ihe·s·, 
respectively. 
(d) Recorder·: Honeywell Electronik. ·1,5< 
Null balance potentiometer circuits ·detected the magni-
tude of sign·al.·.fS: in the sample therin<;>couple. :(Pt-Pt 10% Rh) 
circuit and t.he transducer circuit. Temp~rature and length l~t-'· 
<::hange ( t) we·re then simul t·ane.ous·1:y ·rec.o·rd.ed· 01;1_ a variable 
speed X1 -X2 strip chart. 
,.· ... 
(e) · Program Control Unit - West Instruments Model JSB 
Program Device: This was a system of disc and gears 
analogous ~o a clock mechanism; the use of combined programmed 
and manual modes of operation provided variable heating rates 
and soak temperatures • 
• 
., 
• 
Figure 5. Brinkrnann Dilatometer System Used 
.,. 
and Continuous Isothennal Density 
for 
(t) 
Di.screte 
Data 
• 
Figure 6. Detail of Sample Holding System (Protection Tube Removed) 
.-,---"-,_ __________ _ 
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·c. 
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Galvanometer: "This unit indicated existing furnace temp-
erature (via Pt-Pt 10% Rh thermocouple) and programmed temp-
erature; a photoelectric system instantaneously detected 
deviations between these temperatures and controlled the opera-
tion of a saturable· co.re reactor which supplied power through 
a step-down transformer to the furn ace. 
--
:2. ·Temperature Profiles 
· · Temperature variations within the 2_,. $ :i)1ch hot·,.·zofie. <were char·t·e.d: 
·at 25°c inte:ryfll_s in the range ll-'7:5·-l.400·q,~_-· -To accomplish t~:ls·; a 
calibrated Pt~Pt :1.-3%: Rh. t:he:tlll<:>CoU:ple was inserted into the ~:an.lp1J~· 
trough through the· ·op:e·n end .of· tp~ ·s/ititered alumina tube; and ,¢Orf~ 
nected to -a d·ifferentiai y·oltm.ete.r: :(.·John, Fluke Mfg. Co., accuracy 
1 x 10-6 · V-<1l.t). Temperatur~ · readings w~re taken at 1/2'' intervals. 
Temperature:s, ~t th..~' extreme's· o.f: .tne hot :Zd~e, were .f::ound to be 5-7°c 
below those at the center for the ,r~nge ~tudied. 
3. Discrete Density Data 
The dilatometer system was use·d as -a qontin:trous: -temp~t.-ii.itu-re :re-
cording furnace b·y disconnecting t~~, tr_ans:mis_sion rod as·-sembl:Y ~~d · 
transducer. ·The open end of the :holdltig: tube was sealed with ·a latex 
hood. A- d:r_y air (H20 < 6 ppm) .. ~:low .. rat~ of 1. 5 cc/~ec-.. flushed the ''" 
-, s.ystem every 12--13 se_co.nds without creating thermal gradients! A 
· water:· :flow rate of 50 cc/sec. provided adequate coo·ling· _and preven.t·¢d. 
·transducer drift. S_trip chart values of actual sample temperature 
were obtained by iri~erting the recopder thermocouple into-a drill~d 
specimen. 
,.: ..... 
~ . 
' 
··" 
,, -~ .... 
'.•.' .•, 
• 
... 
··1··· 
I '~' 
The heating rate was s0 c/min.· to 90o0 c .• · Subsequently, ·the· furna~e'. 
. . 
was translated laterally to permit raising of the.heating element to 
0 .. 
·soak temperature. while maintaining 800-900 C in the holding system, 
then returned. This procedure ·minimized thermal shock and the time 
interval. required to attain soak temperature. \ 
lni tially, groups of four samples wer.e removed ·at p·redet.e·rmlned· 
times. Since the .b_oldi_ng system could: ~GCQinmodate. a maximulil of ·,1.2: 
samples, three ay~r~ged data. po·int:s. ·Were· ·obtained for each r.un-.. 
· The sec.ond · approach W~$ to w:i:tlidr.aw samples ii.11dividually... :S.-t):ii-
·ti'st'icaJ.ly,_ this provid:ed a.· ·~J.~he-:r~ .~o.tit idence level fo:r. tJle:, regression .. 
·cu·rves derived from t·h.e: d=ensl.ty (time) data. Heating ti.m~s. :.wete: 
Temperature 
1430°C 
·· .. ·o 
1:300- c . 
Time (min) 
1:3, 29, 54, 78,103,128,158, 2-0·~-
:25, 52, 76,100, 150, 2·50, 355 , .. ·soo, 66'0, 750 · 
10, 25, 50,190, 150,:2·50) 300,500,754,760 
. . 0 1,2:25 ·c 
.11·60°c 
];0.,._:25_,· 50_; 99, 1·06, 200., 250:, 401,500,700,850, 1000. 
12 ,'.1:J·:,,.2f>·,. g<l,:1-:s., 100, 1·0·9·, 249., 350, 508,509, 1s2· .. 
. 
. 
T.w'.o s.ets o.f d:ata: ·we .. r.Ef ·obt:ain·ed at each t~·Jµperature.. ·nensities were 
t:ite,11 ·obtained. ;both :f.rom· <tht3. Arcllimedes' .. pr·~~q.i.p1e of displaceme.~t ,o:f.-
toluene i ·a.ilq. f :ro111_ we.igh t ;-and, V'<?;l.µme me·asurements !. 
~··"".:"~~ 
.......... 4:. C:p11t-.iµuous Density Data 
Th·e. :di-la:tometer system was used to .obtain· con:tinu·otfs' shrinka.g·e · 
:v·a,1:q:e.s .for individual samples at the tempe·ratures listed above~ Air 
... 
a:Qd: _coolant flow and heating procedure were as described in the 
P:r~vious section. Density as a functfon of time ~t te.mp.er.atu~e· was 
:~ 
;..-
I 
,. 
- ----. ·-~ ~- .. 
,,., 
'I 
---.:-..--.-,_,..,.-,,-,.........,.-r,"\""""'~ 
. 
' 
. . .. . 
... 
·:. ·28: 
obtained from a c~mputer program using recorder values of ·length 
r, 
change, . L(t), and the equation 
(g) 
where p ~ relative density at time t 
·pt· - final relative de_Iis~ty· 
:L - :sample length at tim~ t 
.. , 
Lf - f:inal sample leng_·th 
C. Grain Size Evaluation 
1. Specimen Preparation 
(a) Fracture Surfaces ,,: 
,,~." ' ; 
ultrasonic generator. One segment of· e:ach· san.iplfe: ·:wiis et'c):1:e.d 
in boiling 85% orthophosphor.:fc :·f:or 1.-8. 1rtin. 
(b) Polished Surf aces 
-~· 
Samples were wet ground app,rox·. l and 5 min. each o_n· 
35 micron and 15 mi.cr·on di.a.,inQ~d.: ,impregnated surf ace wheels, 
respectively, then. on·e. ·mlnute on a 5 micron diamond lap. 
Polishing ·was done' on. Syn·~ron vibratory -macbine.s with one 
/' 
micron diamond, .. O:-. 3 mic:ron alumina, and -0.0~., _Ihl.(;rpp alumina: 
slurries, res_pec.-ti yely\_ 
At first, the flame etchi~g technique described· .lly 
35 Beauchamp _ was attempted. Difficulty in controlling :th,e: 
temperature,. optimum was approx.imately 1900°c, negat·e.<l ·this 
effort. 
-~ 
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Subsequently, the chemical etching procedure of.Houle 
and Coble36--immersion of the samples ·in boiling -85%-ortho-
phosphoric acid for 5-10 min.--was applied and found to give 
. _ generally reproducible etche-s with no thennal shock. 
2. Replication Methods 
The three methods used were essentially v:a:riati91lE?. o.-~ techniques 
37 
·described by Bradley. They were: 
I (a) Dry-Stripping 
This method consisted essenti:~lly o·.f ¢0.atitig the sample 
surface with a 1.5% solution of Formvar· .. in. di9xane, drying 
.__, t·he coating, then stripping the replica ·from. ·the sµrface and 
transferring a section to a grid. 
(b) Replication Tape 
This proved to be the mosf:. Gonven·fen·t t,e¢hnl·que.,_. ·but· 
also g~ve the least ·sttt1s.factory .. resolution 9:f rnicrostru¢tµ_t~-. 
F,fr-st, ·the sample· Sl(rJac:e ·wa;.s pressed against ac~·tone~softeneg 
•' 
:ce.·llulose ace.tate· t·ape. W,lie:ri. the tape was dry, the -sample was 
r.empved ,·an·d a section of the _-:r;~,pJ:ica transferred to :a g·r,tcf. · 
(c) Backed: Formvar 
Victawet 35B was vacuum deposited on the samp·t~·., fo-llowed 
_ by a s.urface c-oating of 1. 5% Formvar .and,· after ·c:lrying·, a 
coating of ·10% collodion in amyl acetate. 
The Victawet was then dissolved in deionized or distilled 
water to -facilitate ·removal of the Fonnvar-collodion coating 
from the sample. This prov.ed to be an exce_llent, albeit t:i.me·, , 
....... 
' .... ,'.,. - :J • 
' ' 
. -......._ __ 
•· 
·-~· :·, 
... ; , . 
i. 
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~-· . 
.--- ~--,.,.,,. _____ ....., .... ,. ______ ,, ·----·--- .. -~ ' - "•-·-----~-~,~-··· __ ,, .. .,_-.·~~-----·-"·· ---
'30:--"- ___ _;__c--·--:---· -· 
: ' 
·, .;.;~-
•. 
consuming, method. 
3. Shadowing Technique 
Carbon-platinum and carbon w_ere vacuum deposited at 30° and nor-
mally, respectively. The plastic backing was dissolved by ·immersing 
... 
the grids in toluene (for dry stripped and replication tape replicas) 
or· amyl acetate (backed Formvar). 
... ~ .-,--- ..... _'_ . -.... : ··-~- ?:--.-...c .... ,~, ..... ,_. _:...;;_J 
........ 
·-~·-1 
[ Note on Sample Impregnation: Polishing and replication were frequently 
hindered by the porosity ·inherent to the.samples. In the latter 
stages of t~e experimental work, this problem was reduced by·impreg-' 
nating the samples. The- procedure was to i~pregnate the samples with 
.. 
Hysol epoxy using a vacuum chamber, then cure the epoxy by heating 
to 125°c for approximately one hour. ] 
. 
4. Micrography 
Electron micrographs were taken at 8,000, 10,000~ ·t3,200, and 
17, 660X with an. Hitachi Model HH-llA (Western Electric Co., Princeton) 
~nd an RCA Model EMU-3G (Lehigh University) elect.-r·on mtcroscope. 
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-----IV EXPERIMENTAL RESULTS AND DISCUSSION 
A. Denstfication 
. '· 
Isothermal densification rates in the range 1160 to 1430°c for 
the Xf\~16 samples are shown in Figure 7. Individual toluene immersion-
derived data points and the corresponding relative density-time 
curves are plotted for each temperature. . The dotted curves at· 122·s, · 
1300, 1375, and 1430°c represent relative densities.obtained.from 
weight and volume measurements. The one to two percent differences 
in relative densities obtained via the two methods indicates that 
deviations from actual densities are uniformly small. The lower 
values given by direct measurements are considered· to result :grimarily 
from imperfEJctions in·sample shape, such as rounded edges, which would 
give· slightly_infiated calculated volwnes. Accordingly, the immersion-
• 
;. :<1er.ived densities were 1.i'sed for all calculations. 
Immersion and dilatometric densification curves for ·122,5·,, 1300,.·· 
0 
and 1430 Care compared in Figure 8. The dilatometric-derived 
relative densities are two to four percent below those computed using 
.the immersion tech~ique •.. Thi.s is not surprising, _ $.:lnce the values of 
. pf in equation (9) wer~ obtained from weight and volume .measurements • 
.. The linearity frequen~ly observed in intermediate stage densification 
curves 7 ' 8 is evident in the dilatometr1-c· curves and ·corresponding · 
,• I 
linear-regression-derived portions of the immersion.curves. 
Establishing·the ·lower limit .. of the linear portions 9f the dilato-. 
. 
. ' 
.metric curves was difficult, since the XA-16 samples .traversed 
the initial stage of sintering very quickly • 
• . , 
., . 
. , .. 
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' '• , 
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How~ver, the 59 percent average relative density of tlle samples 1 prior 
to sintering and the linearity evident down to at least 62_ percent 
. 0 .. 
. relative density at 1225 C suggest that the onset of intermediate 
stage sintering occurred at about 60 percent relative density. As 
0 shown in Figure 7, for the 1160, 1225, and 1300 C immersion c~rves, 
linearity is evident at the longest experimental times. The initial 
· 0 0 . decrease in slope for the 1375 and 1430 C plots occurs at t ~650 min • 
. 
.. '- .. " . 
and s·o min .. , respectively, at approximately 94 percent relative density. 
The foregoing experimental relative density limits are in agreement 
with the 90 to 95 percent and 50 to 60 percent upper and lower limits 
predicted by the tetrakaidecahedron model. Using the linearity and 
relative density parameters, experimental data for the following time 
intervals appeared to have intermediate ·stage properties: 
1160°C 12 to 752 • min. 
1225°c 10 to 1000 min. 
1300°C 10 lo 760 min. 
-
\'•. 
1375°C :2.5 to 650 • min • 
• 
... 
1430°C .13 to 78 min. 
Although comparison of the present XA-16 densificatton data with· 
that f r_om previous studies is rather tenuous because of the differ-
ences in sintering conditions,· the ·effects of several of° the more 
- -
. prominent XA-16 characteristic_s ·can _ceriainly ·be postulated, Dtt'rihg 
dilatometer measurements, an i~itial linear shrinkage was evident 
at. temperatures j-ust _above 9oo0 c. 2· Reusser also noted this occurrence 
and listed the temperature at 920°c~ almost ~oo0 c below the onset of 
J' 
. l 
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··-·1, 
./_. : 
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.. 
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I , 
... . . 
• 
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similar beh·avior in Linde 1.-0C. Comparison of XA-16 data in Figure 7 
for 143o0 c with Coble's7 data for Linde 0.3A sintered in air at 1430°c 
reveals that XA-16 approached the final stage, 94 percent relative 
. , 
density, after~ 80 minutes, while Linde 0.3A required over 2000 
minutes to reach the' ·same density level .. After only 20 minutes, XA-16 
was nearly 90 percent dense, while Linde O. 3A ·was. :J>ossib-~y· -not yet jn 
the intermediate stage. If one·. assumes that -coiJipactin:g at ·to. tsi did 
t,.o..t :significantly decrease the dens.if icat.ion :rate 9f Lfnde. O_. 3A and 
tllat the me.thods of density mea~urement do not a¢count for the differ-
·e11c'~s- in d·.en-sif ication rate., t.hen a basis for t"he high thermal re-
. 
·act.i-v"ity of XA.~1-6 c.an be found :Jri ·the powd~r· ·characteristics. 
One ver_y: :impor-1:"ant: f act:q·r a.f.tect ing s:ln_t.etring- is the ini t.i-~l.. . . . ; . 
. . . 
p:artj.cle· .size. The MSA techniqqe :fn.dlcated a· med.ian XA-16 particle 
.s·.ize C>f.· 0.-7 µ. • However, it is. likely 1:_hat: tµEr 0.132 value computed 
:f·,rom· a·_.E.T. specific surfac·~ :·~tea bet:te·r r.epJ·.es:en:ts t.he· effective 
"i-n.it.ial par.t:icle t3lz:e_, since (1J·. tP.¢ .B.E ... T. va).u:e re.fleets partiCl$ 
s.urf.~c·e roughness, (2) the sedimentation v,al1.1e ts subj:ect ·to ~~---
-:g:lomeration effects and (3) a nu~b:er ·of the calculated averag~ gr~Ii;l 
4 
·si:zes were less tllaii O. 7 µ. • The extremely small equivalent particle 
' 
dcl~~te:r would enhance· the sintering rate, particularly during the 
e-arly stages <?f sinteri}lg,_ since XA-16 contaj.ns a· -relatively wide size 
distribution. Also, ushe surf ace roughness inheren·t to XA-16 would 
I • 
· increase the surf ace area/volume ratio and, likely, enhance -the surf ace. 
free energy,· which. is the dr.iving force for densifl~a.tion:. .An ad-__ 
.. ditional sou-rce of the dens if ication rate increas.e. co~1.d w~ll· b·e the 
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36 
altered surface free energy resulting from surface impurity ions. 
. ~ The loss of chemisorbed OH and/or adsorbed HOH above 360°c 
(determined from IR and TGA analyses) indicated the presence of .. ~uch 
impurities. 
B. Grain Growth 
. ., 38 · f' The derivation of methods for grain size calculation imposes 
r , 
the requirement that grains be equiaxed and approximately uniform in 
size. Such calculations, to be definitive, must be made from replicas 
of sample microstructures which ·completely define the complex of grain 
boundaries. The electron micrographs of XA-16 intermediate stage 
microstructure shown in Fi.gures ·g to ·12 presented considerable diff i-
culty in resolving grain sizes. The pore phase seemingly p-romoted 
textured surf aces even on polished samples and tended to obscure graf.n 
interfaces when replication was ·successful. 
Grain sizes were determined by counting the number of grain 
boundaries intersected by 10 and .2·0 .cm diamet:e_r. c}rcles placed direct-
ly on the electron micrographs.. Tbe gra.~n· s:i.zes listed here are 1. 5 
times the average intercept len~th obtained by this method. Average 
grain sizes were calculated front 5 to 10 intercept values for each 
-of two to three different areas. of each sample. __ The_ dJlt..a_are_ shown-. -·- -··-- ·--- ...._ ·-- -------
- - --- -·· - . '-· 
. -- .• -------- - - --- --·-···•·,·!J""" -- •.. -· -·· -~· ... ------·-- ·- ----- ---
in Figure 13 and Table 1 :·· Grain sizes could not be determined at 116b0 c. 
Coble and Gupta 1 s 9 sintering model predicts a growth time de-
pendence of 1/3 or--1/4- ·(for bulk or grain bounµary diffusion), one 
of which should be evident in a plot of _ln of the average grain 
• diameter vs. · ln time. The curves in Figure 13 revealed slope:s of 
·' 
. .,,_. 
• _I 
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, . 0 0~36, o._27, 0,31, and 0.35 for 1225, 1300, 1375, and 1430,C, 
respectivel.y. The slopes are shown relative to the two reciprocal 
·"" integer values of 1/3 and 1/4 in Figure 14. A plot of ln(Gn - G~) 
vs. ln(time) should exhibit a slope of unity if in fact a 1/n time· 
dependence is operative. Figures· 15 to 18 were obtained using the 
grain sizes shown in Figure 13 and the valu~ G = 0.132 micron. At 
. 
. . 0 
every temperature, slopes for the regression lines pertaining to the 
exponent n = 3 are closer to unity than are those for n = 4, suggest-
ing that a cubed-root relation better represents the data of this 
"' 
study. 
The parabolic grain growth law empirically relates grain boundary 
movement to grain diameter, D, in single-phas~ materials by the 
equation: 
dD K 
....... : - ) 
dt D 
( ·2 
which gives the growth-time relationship n2 - D · °' t. Although 
·o 
metals may.exhibit this ti time dependence at elevated temperatures 
~ 39 and very pure metals may do so even at low temper.at_ures, it has 
40 7 8 been shown that Al2o3 , ZnO, and uo2 are better represented by a 
l/3 · -~ 
t dependence. 41 ~ Jingery and Francois preferred the explapation 
. 
that the observed 1/3 t dependence resulted from the effects of porosity. 
They reasoned -that in· remaining on grain r··boundaries during boundary 
movement, pores present a restraining force wh~c~ is inversely propor-
; 
tional to the grain size·. The boundary movement rate equation would 
tqen be giveri by 
dD 1 
-
"' -
, 
/. dt n2 .. 
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~ Nichols subsequently derived rate equations for various trans-
port mechanisms by assuming that particle_s or pores remain on the 
grain boundaries during migration. The only me~hanism that applied 
to the cubic behavior of ·porous.compacts was vapor transport. 
Coble7 observed that doped (2500 ppm MgO) and undoped Linde 0.3A 
alumina exh{bited the same normal growth rate and time dependence 1/3 (i.e., t ). The explication was that the pore phase, not the solute, 
controlled the normal growth rate. Similarly, the .abs~nce of discon-
tinuous grain:: growth in doped ~amples near theoretical density was 
assumed to r~sult from an enhanced sintering rat~ rather than from 
the inhibition of grain growth by the solute. 
42 Jorgensen and Westbrook's work c·ontradicted Coble's assumpt-ions 
concerning the effects of MgO additives. Their study indicated ·that 
magnesia·segregated preferentially at alumina grain boundaries and 
did in fact physically prevent discont·fnuous grain :growth. 43 Jorgensen 
later de~onstrated that 2500 ppm magnesia added to Linde 0.3A depressed 
the net normal growth rate. His interpretation was that the solute 
' segregation at grain boundaries and not pore inhibition controlled 
grain growth in alumina containing MgO, 
In view of the present experimental results and the addition.al 
1/3 evidence available from theory and previous studies, t is .ct>n-
sidered the most· reasonable time gependence for XA""'l6 intermed-ii1:te 
·,· 
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stage grain growth. Furthermore, XA-16 contains 500 ppm -MgO and 
250 ppm Si02 , bo~h of which have been shown to affect the rate of 
grain growth in alumina. It is possible that these _and other 
impurities--500 ppm Cao, 250 Na2o, e.g.--act cumulatively via a 
segregation mechanism to effect the observed cubic grain growth time 
_ dependence. 
C. Grain Growth Temperature Dependence 
The parallel, linear properties of the grain size curves in 
Figure 13 indicate that the time-temperature dependence holds for 
. 7 all curves, i.e., that the temperature'dependence is singie-valued. 
Since the re.c·;tprocal sintering time is proportional to the grain 
' . growth rate constant, the activation energy associated with such 
temperature ·dependence was obtained from the- slope, of a plot of t-he. 
\ 
reciprocal times required to reach o. 5 mi¢r_on. The :activati.on 
energy for .grain growth was found to be 
~ H = (1o·s,:0QQ -t 9,00.0) .cal~, 
as shown in Figure 19. 
l-· 
As Gupta noted, 8 it is not uncommon for the activation energy 
:associated with growth rate in ceramic materials to be comparable to 
that for lattice self-diffusion of the rate controlling_ion. However 
the calculated XA-16 grain growth activation en~rgy correlated well 
I j••. 
• 
... , ~ ... . , ' 
with (1) activation energies determined by tracer studies for the self-· .. 
44 diffusion in polycrystalline alumina of both a_luminum, 114 kcal, 
·and oxygen, 110 kcai, 45 and (2) the activation energies of 108 and 
- 17 107 kcal, determined by Mistler for oxygen ion grain boundary 
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diffusion and ·grain growth. Thus, further elucidation concerning 
diffusion in XA.-16 is n~cessary to render meaningful speculation . .. t,_.. 
·concerning rate control. 
D. Diffusion Coefficients 
· 
· "1/3 Because the observed t grain growth time dependence for x,.\-16 
\ ' . is that predicted by the bulk diffusion model,· and not the grain \ 
. bou~dary diffusion model, diffusion coefficients were calculated from 
equation(~). Average grain sizes and the relative density changes 
for short time intervals8 ·(see Appendix II) were used to obtain ten 
._ .. 
values at each sintering temperature.· The re~ulting diffusion ( · 
coefficients, shown in Figure 20, are best represented by the equation 
D-=· 97 exp ( - ~19,000 ! 16y000) 
.. 
RT 
' 
-14 In magnitude, calculated· diffusion coefficients range from 8.86 x 10 · 
. 2 0 . 
-16 2 0 cm /sec. at 1430 C to 3. 76 x 10 cm /sec. a-t 1225 c . 
. _,ui:::P' 
As mentioned previously, self-diffusion coefficients have been 
44 determined from tracer measurements, by Paladino and Kingery and 
45 Oishi and Kingery, for aluminum and oxygen ion diffusion, respec- ·· 
tively, in polycrystalline aluminum oxide. Above 1650°c the aluminum 
data are best represented by 
, 
D = 28 exp ( - 114,UOO + 15,000 ) ·, . -
RT 
,--..~ .,- .. ~· ··~-- . 
For oxygen self-diffusion in polycry_stalline alumina having a grain 
size of about 25 microns, and at temperatures greater than 1450°c, the 
·corresponding equation is 
" 
) 
. ' 
i· 
.l 
. J> 
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,.,. 
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.,,.1 .. ,,,,., .,,,,,, 
,I 
I I 
-~ 
.. ~ ::-i. 
1,: 
·n = 2.0 exp ( - 110,000 ! 15,000). 
RT 
The simultaneous d-iffusion of anions .and. cations which occurs 
during the sintering of polycrystalline aluminum oxide implies that 
- 46 
the-·siower moving ion is rate controlling. It follows that the 
diffusion coefficierits ~nd activation energy of the slower species 
should be reflected in XA-16 sintering data. Unfortunately, in the 
absence of considerations other than previously determined diffusion 
# 
coefficients and activation energies, _it is difficult to ascertain 
which ion is rate controlling in XA-16: -intermediate stage sintering, 
since self-diffu.~.i-c~n: ;_co.e·ff icients are not available for the· lower 
l 
temperatures µ·ttl·ized- in· the presen~. study. For purpos:es· of com}'.l'ari·=~ 
, . 
son, and wi.th an underst:anding of the uncertainty involved, t-h.e 
diffusj.on coeff iclents: fr.<:>m tracer analyses ·were extrapolated to the 
.. 
temperature range utilized for XA-16. The extrapolated self.-~diffusion 
.coefficients and calculated XA-16 values are tabulated in Table 2 
'; 
Table 2. Comparison of XA-16 Diffusion Coefficients with 
Aluminum and Oxygen Ion Extrapolated Diffusion 
Coeff4cients in Polycrystalline Aluminum Oxide 
Temperature 
(OC) 
1225 
1300 
1375 
·1430 
D(cm2/sec) 
IAl+++ 
(Extrapolated) 
6.51 X 
4.05. X 
2.13 X 
6.55 X 
10-16 
10-15 
10-14 
-14 10 
XA-16 
... 
-16 
4.21 X 10 
2.84 X 10-lS 
. -14 
- -1--.-6-1---x 10 
5.18 X 10-14 
-0 
(Extrapolated) 
1.78 X 
1.04 X 
5.16 X 
1·.53 X 
... 
,. 
'-
,,_. 
:A: 
.. 
-15 10 
-16 10 
I· 
.58 .59 
Figure 20. 
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and plotted. in Figure 21. Agreement between XA-16 ancl aluminum ion 
diffusion coefficients i~ excellent. 
Previous work indicated that cation diffusion in ionic materials 
may be unaffected by the presence of grain boundaries, while in 
l' · .. 
certain alkali halides, for example, anion diffusion increases with 
. 47-49 decreasing grain size. The tracer studies indicated 1;:Q_is 
phenomenon occurs in aluminum oxide: diffusion of aluminum was con• 
sidered to be independent of any grain boundary effect and hence to· 
occur by a bulk diffusion me·chanism; enhanced oxygen diffusion, 
however, was attributed to the presence of grain boundaries which 
,, ' ·- ., 
had the capacity for exchange with material bulk. 46 Paladino and Coble 
subsequently estimated that· 'for grain sizes less than 20 microns, 
control of the diffusion process in polycrystalline alumina was 
transferred from oxygen to aluminum. .Recently, Mistler17 calculat.e~ 
the crossover to occur at. 5 microns. 
On the basis of: 
(1) the experimental evidence that aluminum ions are ra'te 
controlling in polycrystalline alumina, apparently for 
/ 
grain sizes of less than 20 microns; 
(2) the observed XA-16 grain sizes (the largest was approximately 
one micron), 
(3) the agreement between experimental XA-16 densification and 
grain growth data and the tetrakaidecahedron diffusion 
model, and 
,, ,. . 
( 4) the agreement between calculated XA-16 diffusion ·coefficients· · 
-
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and activation energy and the extrapolated aluminum 
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diffusion coefficients and activation energy, 
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... ·. 
,., .;, .. , -· ' 
it is concluded that bulk diffusion of aluminum ions is· the rate control-
ling mechanism during XA-16 intermediate stage sintering. This state-
.ment applies specifically to the experimental conditions and the 
temperature range listed for this study • 
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v· OONCLUSIONS 
--'-------·-- .... 
,! 
• -, I 
·•· A. Sintering Kinetics 
Evaluation of simultaneous density -and grain growth pii.rameters · 
indicated the following: 
_(l) : The intermediate stage----sintering of XA-16 closely 
r . 
approximated behavior predicted from the tetrakaidecahedron 
grain shape model. Limiting density values were in agree-
ment with those derived from theory. Grain growth was 
1/3 
approximated by the t dependence associated with lattice 
diffusion. 
(2) Intermediate stage grain' growth activation energy was 
calculated to be 
6H = (105,000 + 9,000) cal, 
-
using experimental time dependence values. 
:(3) Calculated diffusion coefficients based on the 
tetrakaidecahedron grain shape model were best 
represented by 
. ' 
·-- ·-~··--c "·• --
·-·~ 
·,~. 
D ~ - 119,000 + 16,000 
97 exp ( - ) . 
RT 
-
(4) Activation energies _for grain g_rowth and c:litfus.ion agr~ed 
... 
with the previously obtained value for the bulk diffusion 
of aluminum in polycrystalline Al2o3 • It was concluded 
-2 that enhancement of O grain boundary diffusion had 
occurred, transferring rate control to the bulk diffusion 
.. 
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of Al+3 ions. 
.,. 
B.. Particle Characteristics 
The data provided additional evidence supporting Reusser's 
'finding that XA-16 characteristics enhan.ce sintering. The relatively 
low te~peratures and short times required to attain the final stage 
can be at least partially attributed to the following: 
(1) The effective average particle size of the powder was 
·I 
' small in comparison to that for typical quasi~ideal 
powders. 
(2) Impurities such as Mg acted cumulatively to decrease 
grain· boundary migration rates, possibl.y by a solute 
segregation mechanism. 
(3) The surface roughness inhere.nt to XA-16, :in.creased the if 
. 
. 
surface- area/volume ratio and thus alter¢c:l the surface 
free energy of the powder. 
Also, it seems logical to assume t_hat -the powder's surface 
chemistry influenced surface free energy, a_lthough rigorous analysis 
is not possible at the present time • 
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-- - V-1 -SUGGESTIONS FOR FUTURE WORK 
The apparent diffusion coefficients for oxygen and aluminum 
in polycrystalline aluminum oxide should be determined for 
the temperature range used in the present work. 
B. Data should be. acquired for the final stage sintering of 
c. 
XA-16 to permit identification of the final stage rate-
.., 
controlling mechanism. 
Studies should be undertaken to determine the effe~ts of 
','\ 
sintering process parameters (compaction, atmosphere, chemistry, 
·etc.) on sintering kinetics • 
D. The grain size(s) at which diffusion rate control is transferred 
-
' from oxygen to aluminum should be established -for· non-ideal 
aluminum oxide powders, such as XA-16. 
' E. The. intermediate stage sintering kinetics of an ultra-pure 
',i., 
alumina powder (which is physically similar to XA-16) should 
be established and compared to those for XA-16. 
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APPENDIX I 
.XA-16 Experlmental Re~ative Density Data 
Table-3. Discrete Relative Density Data* 
'-
T = 1160°C T = 1225°c 
Time Immersion Immersion 
12 61.9 10 67.2 
13 62.9 25, 71.5 
25 62.9. 50 73.2 
. 25 .9,9 74.3 63.5 
50 61.9 ·106 72.4 
50 63.6 .... 2{)0: 77.5 .-·: .. ' 
75 62.5 :250 76.8 
75 62.7 "401 76.6 
100 62.2 500 77.5 
109 63.0 700- 77.3 
249 63.6 850. 79.1 
350 63.3 1000 79.6 
350 63.7 
508 63.0 
508 63.2 
752 63.7 
752 63.2 
.. 
*Time in minute~,: .. relative density 
. p·erG_~p::.t:· 1n 
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;, 
·,· 
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;\ .. 
• 
':· " ! • 
... -, 
. ,,,-,···( 
!' 
.. ~ . ........,. 
,; '.·. 'd:; 
Direct 
.... 
67 .5. 
71.2 
t 72.4 
72.5 
-
74.8 
74.1 
-
74.7 
76.l 
77.8 
.. 
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·-·- :~ 
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Table 3. (cont'd.) 
T- = 1300°c T = 1375°c 
-- :, 
. Time Immersion Direct Time Immersion Direct 
~~, "e 10 74.1 73.2 25 87.1 84.0 25 76.7 76.3 52 89.3 87 .4 50 .... -80.8 79.2 76 91.0 88.9 .... 100· 81.6 78.0 100 91~1 88.3 150 78.1 81.8 15.0 - 91.5 . 89.3 
I,, 250 81.8 79.0 250 93.1 92 .5 300 83.2 80.9 355 93.7 91.5 500 I 84.2 82.8 500 94.2 92.2 754 85.9 82,2 - 650 93,8 92.4 760 87.4 750 94.5 92.9 
I 
I T = 1430°C 1 
' I
' 
,'!"<~ 
r 
·i 
I 
i Time Immersion Direct I 
f 
l 
t 13 89,2 
29 90.7 89.2 
54 93,8 91.9 
78 93.7 91.8 
103 92.9 92.0 
128 93.7 93.5 
158 
- 92.5 
208 93,2 92.0 
208 94.3 93.9 
' 208 95.0 94.1 
·" 
_..: __ ----~------ ' 
--~ 
... 
,_ Ir•," 
- -- • ...C...,-
.. 
1-,.1 
,'"'·.::"· 
(_ _ 
Table 4. 
( 
Time 
.. 
2 
3 
4 
·5 
10: 
·2·0.= 
:2s: 
40: 
Time 
2: 
·3 
.5. 
... .10·: 
:15 
020 
·25, 
:3(). 
-~? 
.45 
,,,,, .. 
,5J$:· 
so· . . : . ' . 
"7,0' 
63 ; ·. 
- . * Dilatometric Relative·Density Data 
T - 1225°C 
-
Length Relative Density· 
2.757 62.5 
2.744 63.4 
2.740 63.7 
2.735 64.0 
2.706 66.1 
2.691 67 .2 
. . 
2.687 67.5 
2.666 69.l 
T = 1300°C 
-Length Relative Density 
2.562 65.4 
2.539 67 .1 
2.514 69.2 
2.496 70.7 
2.477 72.3 
2.456 73.3 
2.450 74.l 
2.445 74.7 
2.440 75.2 
'" 
2.435 75. 7 
2.430 76.1 
2.426 76.7 
2.425 77.0 
-::.•, 
'4-. . 
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• / • . • t; ' .J '' 
' '_ ·1 ' • •~, ' 
/ : 
. I 
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J: 
.. 
*Time in minutes, length in cm., relative densities in _percent 
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Table 4. (cont'd.) _,,_ 
T - 1430°C 
-
Length Relative Density ···.'. 
.... 
2.619 76.8 
2.606 77.8 
2.563 81.9 
2.545 83.6 ... 
2.535 84.6 ·' 
2.527 85.4 
2.520 86.2 
2.517 86.4 
2.5l2 87.0. 
2.507 87.5 
2.504 87.8 
-
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APPENDIX II 
Sample Calculation of XA-16 Diffusion Coefficients 
.. 
.-
1 
where 
• 
Rearranging equation .(7) gives: 
3 G . k T )( .if 
~t 
) 
2 = lattice diffusion co~fficient, cm /sec. 
= change in porosity function. 
G = grain size, c_in. 
-k: = .Boltzmann's constant, erg/°K· 
. I 
2 ''l ·= surf ace energy, erg/ cm 
a
3 
= vacancy volume, cm3 0 
flt = time: ipt.e·rval,. sec • 
,, , . 
..... , . 
. ,,,_,. 
/ 
J .... ·_..:.:._ 
- r 
A Fortran computer p_rQg.ram. wa_s·. us·ed to. obtain the following data 
.o for XA-16 alum~na :sintering in air at 1375 C: 
.... 
llp = 90.229 - 90.057 
- 0.172 percent 
~f - .00258 
.1 t - 4500 
-
4200 - 300 - -
G 
- i (0.509 + o. 498) 
0.503 x.10 -4 - ·Ctn 
G3 10-12 ·· cm 0.1275 - X 
-
a3 molecular weight 
-
sec. 
micron 
- -~ ... 
3 
of Al2o3 
0 density x Avogadro's number 
-~ 
. "'~ .,,. 
:.i • ' 
~. . . 
- . .,. 
'· 
. c· 
~ 
I 
.-,:;) 
- I 
I 
i 
·1 
! ' 
-~ 
" ',/ 
·' ·"'· ' 
V'.-: •• 
.• 
. ~-
.. 
-
-
-
I 
··101.96 
3.987 
66 
X 6.02 X 
. -----
I -· ----,-~·. ' -~ ~ •. 
{•, 
4.248 10-23 3 - X cm -1023 
.'.k - 1.4 X 10-16 erg/~K 
-
·T - 1375 + 273 = 1648~K 
2 1 = 1000 erg/cm (ass~med) 
2.58 X 10-3 X 1,275 X 10-l3 X 1,4 X 10-l6 X 1.648 X 103 
3 3 -23 2 1.19 X 10 X 10 X 4.248 X 10 X 3 X 10 
... 
·'-
• ... 
·/ 
,' ' ... •' 
·.~,: 
-:· 
A·.· 
~ 
. I ' 
.J 
,. ,., ... 
'1 
• ,•M ,,, 
'. . , 
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